The dielectric properties of microparticles were characterized by quadrupole electrode geometry. Quadruple microelectrode geometry with hyperbolic active interfaces was designed and fabricated. The dielectrophoretic mobility coefficients of the polystyrene microparticles were attained from negative dielectrophoresis. With the mobility coefficients and hypothetical inflection frequencies of the particles, the permittivity and electric conductivity of the particles in suspension were calculated. This demonstration established that dielectrophoretic mobility attained with a hyperbolic electrode can be used to characterize microparticle properties in suspension. 
Introduction
Dielectrophoresis (DEP) has been used for characterizing [1] [2] [3] and separating [4] [5] [6] small artificial and biological particles since H. A. Pohl discovered it in the 1950s [7] . It can be used for particles from nanoscale to 1 mm. Biological particles which can be manipulated are e.g. DNA molecules, proteins, viruses, bacteria and cells. In contrast to electrophoresis, the particle does not have to be charged when manipulating it with DEP. It is also a noninvasive method. Dielectrophoretic force can move particles in two or three dimensions. Furthermore there is no need * E-mail: maija.kuokkanen@gmail.com to use fluorescent staining, unless we want to make the particles more visible to the eye.
Dielectrophoresis is based on the polarization of particles in a nonuniform electric field. In a nonuniform electric field the Coulomb forces on either side of the polarized particle will not be equal and there will be a net force on the particle. In quadrupole electrode geometry the net force moves the particles away from (negative DEP) or towards (positive DEP) the electrodes that generate the electric field. This phenomenon is called dielectrophoresis. The frequency point of inflection from pDEP to nDEP is the Maxwell-Wagner relaxation frequency MW [8] . The polarization of the particle against the medium can be expressed with the real part of the Clausius-Mossotti factor C M . The theoretical expression of the migration of a single particle in the quadrupole microelectrode is expressed with a DEP mobility coefficient α, which can be derived from Newton's equation of motion [9] . Dielectrophoresis can be used to separate healthy cells from diseased bases on their cytoplasm and membrane permittivity and conductivity [10] . Drugs mainly have an effect on bioparticle surface conductivity, membrane capacitance and cytoplasm conductivity. Cell sensitivity to drugs can be researched with DEP. Compounds dielectric properties in industrial suspensions can also be researched with DEP. Industrial suspensions such as paper machines contain different organic and nonorganic compounds than resin, which can coagulate and concentrate in circulating water and can worsen the quality of paper and the function of the paper machines.
Theoretical ground
When an uncharged particle is placed in a nonuniform electric field the positively charged nucleus and the negatively charged electron cloud become displaced and move toward each other and the particle becomes polarized. When the particle is charged the polarization process occurs when the particle and its double layer are displaced toward each other. The polarized particle is called a dipole when it has two poles or it can have higher moments e.g. quadrupole or octopole. When placed in a nonuniform electric field the Coulomb forces on either side of the dipole are unequal and the particle experiences a net force which is called the DEP force. The frequency dependent DEP force is
where ε is the permittivity of the medium is the particle radius, Re[ C M (ω) ] is the polarization of the particle and medium related to each other, the so-called real part of the Clausius-Mossotti factor, ∇E 2 is the gradient of the squared electric field and ω is the angular frequency of the electric field [11] . In quadruple electrode geometry, particles undergo negative DEP when their polarizability is smaller than the surrounding medium, when Re 
where τ is the relaxation time, σ and σ are the conductivities, and ε and ε are the permittivities of the particle and medium, respectively [8] .
When the frequency is smaller than the inflection frequency, Re[ C M ] can be expressed with the particle and medium conductivities as Eq. (3) . When the frequency is higher than the inflection frequency, Re[ C M ] can be expressed with particle and medium permittivities as Eq. (4). The real part of the Clausius-Mossotti factor can be expressed also in the whole frequency area (Eq. (5)) [9] .
Particles can be distinguished on the basis of their conductivity and permittivity. When particles show differences in their conductivity their frequency of inflection is also different. So particles can be distinguished with a suitable frequency. Particle movement in quadrupole electrode geometry can be expressed with the dielectrophoretic mobility coefficient α. It can be expressed with equation
where U 2 is the applied rms-voltage, η is the viscosity of the surrounding medium, β is the efficiency of the DEP force and is the radius of the active region. The distance of the particle from the center of the electrode geometry R and its logarithmic value ln R can be expressed as a function of the DEP time . The mobility coefficient can be defined with the slope of their linear relationship. The sign of the mobility coefficient is positive when the particles are moving towards the electrodes and negative when the particles are rejected by the electrodes [9] . For the fact that the mobility coefficient can be defined with the slope of ln R vs. , we can introduce Newton's equation of motion for spherical particles. From Newton's equation of motion, Eq. (6) can be deduced from the solution of the differential equation. Newton's equation of motion for positive DEP is
where is mass, is the time, R is the distance from the center of the active region and F S is the friction force of the particle. Because F DEP is proportional to the distance R and F S to the particle's velocity, the equation can be expressed with coefficients and
We can assume that a particle is moving with constant velocity, and then
Solving this differential equation we can conclude
where R 0 is the particle's distance from the center of the active region at time 0. With polynomial electrode configuration, electric field nonhomogenity is
where the square root is the particle's distance R from the middle of the electrode configuration, 2 = 2 and applied electrode potentials V 1 and V 2 can be expressed as [12] (
From this we can get the following equation for hyperbolic electrode configuration
and from Eq. (1) we get
because friction force is 6πη for the spherical particle according to Stokes' law. For the linear relationship of the ln R vs. [9] , we can get the same α as in Eq. (6) ln R =
The efficiency of the DEP force can be expressed with efficiency factor β by multiplying the mobility coefficient with the efficiency factor [8] . The distribution of the electric field in DEP cell and electrodes thickness regarding the particle size determines the magnitude of the efficiency factor. In our demonstration the efficiency factor is presumed to be 0.45, because we concluded that the electric field lines were confined in the medium in the most cases. The conductivity of the particle is dependent on the frequency of the electric field and the ion concentration of the medium. The thickness of the particle's electric double layer can be expressed as
where is the Boltzmann constant, T is the absolute temperature, 0 is the ion concentration of the medium, is the charge of the medium and is the elementary charge [11] . At lower frequencies the dynamic surface conductivity of the particle is predominant and at higher frequencies the particle's conductivity is the particle's intrinsic conductivity. The dynamic surface conductivity of a particle can be expressed as
where λ 0 is the limiting value of the surface conductivity of the particle at lower frequency, DEP is the DEP radius of the particle (the radius of the particle including the radius of the dynamic diffusion layer of the particle, + ) and σ is the limiting value of the conductivity of the particle at higher frequency [8] .
Chemicals and fabrication of electrodes
The electrodes used were hyperbolic quadrupole electrodes whose active region ( Fig. 1) was 65 µm. The electrodes were made with traditional photolithography method in the Micro-and Nanotechnology Centre in the University of Oulu. The photomask was made by Mikcell Oy. The 130 nm thick tungsten was first deposited on quartz glass with RF-magnetron sputtering. Tungsten is a chemically and mechanically durable metal. After sputtering, the wafer was covered with positive photoresist AZ 1512 HS with spin coating with 3000 rpm and prebaked at 130°C for one minute. Then, the wafer was exposed to UV-light and developed. The etching was made with a wet-etching technique and with hydrogen peroxide. Polystyrene-carboxylate particles 3.09 µm in diameter (Bangs Laboratories, Inc, USA) were blended with KClelectrolyte, the concentrations of which were 0.1 mM and 5 mM. The solutions containing 0.0044 -0.0067% w/w polystyrene-carboxylate particles (1.29 -1.94 × 10 9 particles in 50 ml electrolyte). The medium conductivity was measured with a WTW Multi 530i meter and found to be 0.66 mS/m and 74.9 mS/m, respectively. The permittivity of the medium was suspected to be 78.3ε 0 [9] . The pH of the solution was measured with the same meter and showed medium pH to be about 7.1.
Experimental setup
In our demonstration the nonuniform electric field was formed with a 2D quadrupole electrode whose active interfaces are hyperbolic, radius of the active region is 65 µm and is made of 130 nm thick tungsten (Fig. 1) . In the figure, the areas enclosed by solid lines are electrodes and the dashed line forming a circle is the active region. As can be seen from the figure, the active region is in the middle of the electrode configuration. The dielectrophoretic trap is in the middle of the active region. The quadrupole electrodes form a linear electric field which is weakest in the middle of the active region and strongest in the middle of the electrodes. The so-called dielectrophoretic trap is in the middle of the electrode configuration, where the particles are attracted when their polarizability is less than the surrounding medium. This is negative dielectrophoresis. The opposite phenomenon is positive dielectrophoresis. In the demonstration the log- arithmic distance R from the microelectrode's center to a particle was obtained as a function of time The slope of the linear relationship of ln R and is the DEP mobility coefficient α (Fig. 2) . The figure shows only one measurement for one single particle; the calculations are made based on 5 measurements.
The experimental setup consisted of a microscope (Mitutoyo), a signal generator (Agilent 33250A) and the electrodes. The electrodes were connected with cold wire to the pin header and there was 50 Ω resistance between the signal generator's opposite phase signals in the other side of the pin header (Fig. 3) . The electrodes were placed on a mirror underneath the objective so as to attain optimal contrast. Sinusoidal voltage was driven to the electrodes so that the opposite electrodes had the same polarity. The voltages and frequencies used were 5 to 10 V and 1 k to 1 MHz.
Particle suspension was dropped to the active region in the middle of the electrodes using a glass rod. At the same time the photographing was started when connecting the voltage. Photographs were taken with a digital camera connected to the microscope and saved to a computer for future analysis. The magnification of the microscope was 500x and there was no magnification in camera. The camera was focused on the particle's surface. Pictures were taken at a frequency of 1 picture per second. 5 measurements were taken for both medium conductivities. Fig. 4 shows particles trapped in the DEP trap. The particles are the white dots with dark edges in the middle of the picture. The dark spots in the interelectrode space are contamination. The distance between opposite electrodes is 65 µm. The negative dielectrophoretic mobility coefficient and particle's permittivity and conductivity were measured with frequency and voltage 1 MHz and 10 V .
In the demonstration the logarithmic distance R from the microelectrodes center to a particle was obtained as a function of time . The distance was first defined as pixels and then was changed into real distance with a MATLAB algorithm. In the algorithm the user enters particle size in pixels and millimeters according to the measurement of the particle size based on the size of the picture. As we knew the number of pixels in the picture and the actual particle size in millimeters, we could get the particle size in pixels. The logarithm of the distanceR was taken and the mobility coefficient was defined as the slope of the linear relationship of the logarithmic distance ln R and particle DEP migration time . The mobility coefficient was defined from this with least-squares method.
Results and discussion
From the mobility coefficient the real part of the ClausiusMossotti factor was defined with Eq. (6). The polystyrene particle permittivity and the surface conductivity in both of the medium conductivities were obtained from the real part of the Clausius-Mossotti factor with the hypothetical frequency of the inflection (Eq. (3) and (4)) or entire frequency area (Eq. (5)). The results are given in Tab. 1. The frequency and voltage are 1 MHz and 10 V, respectively. The particle surface conductivity σ in the table is determined with a hypothetical inflection frequency and σ with an equation which covers the entire frequency area. The hypothetical inflection frequency is determined to be less than 1 MHz for medium conductivity 0.66 mS/m and 16 MHz for σ = 74.9 mS/m [9] . As we can see from the results, the dielectrophoretic mobility, permittivity and the surface conductivity of polystyrene particles depend on the conductivity of the medium. The mobility coefficients were determined from the measurements. A particle's conductivity depends on the medium conductivity at lower electric field frequencies because a particle's conductivity can be expressed as the particle's surface conductivity and it depends on the thickness of the electrical double layer surrounding the particle. At higher frequencies, a particle's conductivity is its intrinsic conductivity. A particle's surface conductivity depends inversely on the particle's electrical double layer whose thickness is thinner when the medium ion concentration is higher and vice versa. So at the low frequency (1 MHz) a particle's conductivity is actually its surface conductivity and the conductivity is higher when the medium's ion concentration is also higher. Particle dielectrophoretic features, such as permittivity and conductivity, are very realistic because similar results have also been found by other researchers [8] .
The electrode geometry used was found to be workable with sine signal in frequencies 10 kHz < < 1 MHz and voltage 10 V . To decrease the standard deviation of the mobility coefficient (40 -55%) the algorithm used for determining the location of the particle should be developed further. Electrode corrosion was a problem at small frequencies (<10 kHz). The corrosion of the tungsten electrodes shows that tungsten is not durable in small electrode dimensions and electric field frequencies. The corrosion process was very fast at the small frequencies, so these electrodes are not usable at small frequencies. In this study we used higher electric field frequencies so electrode corrosion has not affected the results. At first we used cold electrodes also, but those turned out to be unusable because when we cleaned the electrodes mechanically with swabs there were cold particles separated from the surface of the electrodes. If electrodes are covered with an insulating layer the corrosion can be foiled [13] . This electrode geometry offers a measuring instrument based on dielectrophoresis which can be used for characterizing small particle permittivity and conductivity in suspension noninvasively and quantitatively.
